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tional	 agronomic	 inputs	 such	 as	 fertilizer	 and	 irrigation.	Despite	 the	 important	
contribution	of	biodiversity-based	ecosystem	services	 to	 crop	production	 their	
















6. Synthesis and applications.	Oilseed	rape	has	the	capacity	to	compensate	for	sub-




















et	al.,	 2014;	 Klatt	 et	al.,	 2014),	 recent	 studies	 have	 indicated	 that	
these	benefits	are	affected	by	interactions	among	different	services	
(Bartomeus,	Gagic,	&	Bommarco,	 2015;	 Lundin,	 Smith,	 Rundlöf,	&	
Bommarco,	2013;	Sutter	&	Albrecht,	2016)	and	between	ecosystem	
services	 and	 anthropogenic	 inputs	 such	 as	 fertilizer	 and	 irrigation	















Coston,	 et	al.,	 2014;	 Hudewenz,	 Pufal,	 Bogeholz,	 &	 Klein,	 2013;	






Sajjad,	 &	Whittington,	 2011;	 Garratt,	 Coston,	 et	al.,	 2014;	 Rader,	
Howlett,	 Cunningham,	Westcott,	 &	 Edwards,	 2012;	 Stanley	 et	al.,	
2013;	Woodcock	et	al.,	 2013).	Pollinators	 are	 rarely	 considered	as	
an	input	to	be	managed	in	the	same	way	as	insecticides	or	fertiliz-
ers	in	production	of	oilseed	rape	for	food	or	biofuel	(Diepenbrock,	
2000;	Habekotte,	 1997;	Rathke	 et	al.,	 2006),	with	 pollinator	man-
agement	typically	limited	to	commercial	production	of	hybrid	seed.	
Pollination	can	be	 increased	either	 through	utilization	of	managed	
species	 such	 as	 honeybees	 (Manning	&	Wallis,	 2005;	 Sabbahi,	 de	
Oliveira,	&	Marceau,	2005;	Witter	et	al.,	2014)	or	promotion	of	wild	
pollination	services	(Garibaldi	et	al.,	2013).
In	 order	 to	 better	 develop	 ecological	 intensification	 strate-
gies,	particularly	 in	widespread	arable	crops,	pollination	and	other	




approaches	 to	 evaluate	 the	 impact	 of	 insect	 pollination	 on	 yield	




(2)	a	 field	scale	 trial	manipulating	pollination	 inputs	 to	understand	




2  | MATERIAL S AND METHODS
2.1 | Flight cage trial
2.1.1 | Growing conditions
To	 investigate	 the	 response	of	oilseed	rape	to	 fertilizer	and	 insect	
pollination	 treatments,	 a	 pot	 experiment	 was	 conducted	 in	 2016	
at	 the	 Crop	 and	 Environment	 Laboratory,	 University	 of	 Reading,	
UK	(51°26′	10.31″N	latitude,	00°56′	31.98″W	longitude)	on	spring	
sown B. napus	(cv.	Tamarin).	Plants	were	grown	to	maturity	in	plastic	






twice	 a	 day	 for	 the	 duration	 of	 the	 experiment.	 All	 experimental	
yield	potential	cannot	be	reached.	We	highlight	the	need	to	consider	insect	polli-
nation	as	an	agronomic	input	to	be	effectively	managed	in	agricultural	systems.
K E Y W O R D S
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pollination,	sustainable	agriculture














per	 week,	 (2)	 a	 “medium”	 dose	 where	 fertilizer	 was	 applied	 once	
every	2	weeks,	 (3)	a	“low”	dose	with	only	two	applications	applied	
until	maturity,	and	(4)	a	“no	input”	control	treatment,	where	no	ad-
ditional	 fertilizer	was	 applied.	 These	 treatments	were	 randomized	









lination,	 referred	to	hereafter	as	 the	“insect	pollinated”	 treatment.	
From	the	start	of	flowering,	the	40	plants	receiving	this	treatment	
were	transferred	to	a	flight	cage	containing	a	Bombus terrestris audax 
colony	with	c.	50–100	workers	(Koppert	Ltd	Natupol)	for	2	to	4	hr	
once	every	2	days.	 The	plants	were	 then	 allowed	 to	be	 visited	by	
bumblebees	for	this	period	before	being	moved	back	to	the	holding	
cage.	Our	previous	research	has	demonstrated	that	this	time	period	
and	stocking	density	 is	more	 than	sufficient	 to	ensure	good	 levels	
of	 visitation	 to	 flowers	 (Garratt,	 Coston,	 et	al.,	 2014).	 The	 second	
pollination	treatment	was	a	procedural	control	in	which	plants	were	
transferred	to	an	empty	flight	cage,	allowing	for	self-	and	wind	pol-
lination	but	 no	 insect	 pollination,	 hereafter	 referred	 to	 as	 the	 “no	













maturity	 (BBCH	90).	 The	 total	 number	 of	 pods	 produced	 by	 each	








2.2 | Pollinator exclusion field trial
To	 investigate	 the	 response	 of	 oilseed	 rape	 to	 insect	 pollination	
treatments	under	a	 typical	 fertilizer	management	 regime	 involving	
the	 application	 of	mineral	 nitrogen,	 phosphorus	 and	 potassium	 at	
UK	recommended	rates,	a	field	experiment	was	conducted	in	2015	
on	 conventionally	 managed	 winter-	sown	 B. napus	 (cv.	 Excaliber).	
The	 field	 experiment	 used	 three	 oilseed	 rape	 fields	 at	 least	 1	km	
apart	in	Wiltshire,	Southern	England,	UK.	Each	field	contained	three	
2	×	50	m	study	plots	along	a	tramline,	spaced	at	least	50	m	apart.	A	












flowering.	On	 each	 visit,	 one	 raceme	with	 open	 flowers,	 on	 a	 sin-
gle	 randomly	 selected	 plant	 receiving	 each	 treatment	within	 each	





The	 whole	 plant	 was	 then	 dried	 at	 80°C	 for	 24	hr	 before	 being	




2.3 | Relationship between yield parameters
Data	 from	 the	 flight	 cage	 and	 field	 trial	 indicated	 clear	 relation-
ships	between	yield	parameters	including	seeds	per	pod	and	yield,	
and	TGW	and	seeds	per	plant.	 In	order	 to	 test	 these	relationships	
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across	a	number	of	cultivars	of	B. napus	in	a	range	of	soil,	agricultural	
management	 and	 environmental	 conditions,	 data	 from	 two	 addi-
tional	field	trials	were	incorporated	into	this	study.	The	first	dataset	
(Dataset	1)	was	from	a	trial	at	the	University	of	Reading	experimen-







The	 second	dataset	 (Dataset	2)	was	 from	11	 fields	of	 conven-
tionally	 grown	 winter-	sown	 oilseed	 rape	 grown	 in	 the	 Wiltshire/
Hampshire	 area	 (NW	corner	 51°	24′	 55.7″	N,	 2°	 17′	 21.4″	W,	 SE	




















































could	 be	 compared	 between	 datasets,	 yield	 was	 standardized	 by	
subtracting	the	dataset	mean	from	each	data	point	and	dividing	this	









Brassica napus	 yield	 was	 affected	 by	 a	 significant	 interaction	 be-
tween	 fertilizer	 and	 pollination	 treatments	 (F3-70 = 3.41, p	=	.022)	
(Figure	1a).	 Yields	 from	 insect	 pollinated	 plants	 were	 significantly	
greater	than	plants	that	did	not	receive	insect	pollination	at	the	high	
fertilizer	dose	(t	=	3.78,	p	<	.01)	with	an	almost	40%	increase	in	yield	





linated	 (Figure	1b)	with	a	significant	 interaction	effect	 (F3-70 = 2.88, 
p	=	.042)	 showing	 significant	 differences	 between	 insect-	pollinated	
and	 non-	insect-	pollinated	 plants	 at	 high	 (t = 3.33, p	=	.029)	 and	
low	 (t = 3.55, p	=	.016)	 fertilizer	 doses.	 The	 number	 of	 pods	 per	
plant	 (Figure	1c)	was	 significantly	 greater	 at	 higher	 fertilizer	 doses	 
(F3-74 = 43.95, p	<	.001)	but	was	not	affected	by	pollination	treatment	
(F1-73	=	1.70,	 p	=	.20),	 although	 the	 interaction	 between	 fertilizer	
and	 insect	 pollination	 (F3-70	=	2.72,	p	=	.051)	was	 nearly	 significant.	
The	 number	 of	 seeds	 per	 pod	 (Figure	1d)	 was	 greater	 with	 insect	
pollination	 (F1-73	=	76.67,	 p	<	.001)	 and	 at	 higher	 fertilizer	 doses	 
(F3-73	=	13.77,	p	<	.001)	but	these	two	factors	did	not	interact	signifi-
cantly	(F3-70 = 2.41, p	=	.075).	Thousand	grain	weight	was	significantly	
affected	by	fertilizer	only	(F1-74 = 4.35, p	=	.007),	with	heavier	seeds	
at	 low	 compared	 to	 high	 fertilizer	 doses	 (Figure	1e).	No	 significant	
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effect	of	insect	pollination	(F1-73 = 3.58, p	=	.062)	or	a	fertilizer–polli-
nation	interaction	(F1-70 = 2.65, p	=	.055)	on	TGW	was	observed.
Brassica napus	 yield	 showed	 a	 significant	 positive	 relationship	
with	 seeds	 per	 pod	 (F1-76 = 19.19, p	<	.001)	 (Figure	 S1a)	 although	
there	was	no	significant	interactive	effect	of	fertilizer	(F3-68 = 2.49, 
p	=	.068)	 or	 insect	 pollination	 on	 this	 relationship	 (F1-68	=	2.97,	
p	=	.089).	 There	 was	 a	 significant	 negative	 relationship	 between	
seed	 number	 and	 TGW	 (F1-74 = 15.24, p	<	.001)	 and	 there	 was	 a	
significant	 interactive	 effect	 of	 insect	 pollination,	 with	 a	 steeper	
negative	 relationship	 seen	 for	 insect	 pollinator-	excluded	 plants	 
(F1-74 = 9.45, p	=	.003)	(Figure	S1b).	No	interactive	effect	of	fertilizer	
on	this	relationship	was	seen	(F3-68 = 2.32, p	=	.084).
3.2 | Pollinator exclusion field trial
In	the	field	experiment	there	was	no	significant	effect	of	insect	polli-
nator	exclusion	treatments	on	yield	(F2-44 = 1.11, p	=	.34)	(Figure	2a).	
The	average	number	of	seeds	per	pod	was	significantly	greater	from	
plants	in	open	treatments	compared	to	those	that	had	insect	pollina-
tors	fully	or	partially	excluded	(F2-44 = 4.08, p	=	.020)	(Figure	2d).	No	
significant	effect	of	pollination	treatment	on	the	number	of	pods	per	
plant	 (F1-8 = 2.88, p	=	.11),	 TGW	 (F1-44 = 1.42, p	=	.25)	or	 seeds	per	




with	 the	 steepest	 positive	 relationship	 seen	 for	 insect	 pollinator-	
excluded	plants	(Figure	S2a).	Seed	number	and	TGW	were	negatively	
related	 (F1-45 = 9.35, p	=	.004)	 (Figure	 S2b)	 but	 with	 no	 significant	
	interactive	effect	of	pollination	treatment	(F2-41 = 0.84, p	=	.44).




ber	and	TGW	were	negatively	related	(F1-59 = 44.94, p	<	.001)	(Figure	
S3b).	In	the	mixed	variety	trial	(Dataset	2),	there	was	also	a	significant	
positive	relationship	between	seeds	per	pod	and	yield	(F1-45	=	13.57,	
p	<	.001)	 (Figure	S4a)	and	although	 the	 relationship	between	 total	
seed	 number	 and	 TGW	 appeared	 negative	 it	 was	 not	 significant	 
(F1-45 = 1.11, p	=	.30)	(Figure	S4b).
Combining	all	datasets	together	across	the	field	trials,	the	rela-
tionship	 between	 seeds	 per	 pod	 and	 plant	 yield	was	 positive	 and	
nonlinear	 (F	=	9.76,	 p	<	.001)	 and	 the	 relationship	 between	 seeds	





thousand	grain	weight	(TGW)	in	grams.	Values	are	given	as	M ± SE. 
Closed	circles	show	plants	receiving	insect	pollination	and	open	
circles	show	those	that	have	not








of	 insect	pollination	to	B. napus	yield	were	only	realized	 in	the	high	
fertilizer	treatment	when	nutrients	such	as	nitrogen,	potassium	and	
phosphorus	 were	 not	 limiting.	 Also,	 the	 compensation	 mechanism	























ther	 through	greater	outcrossing,	 or	by	 increasing	 levels	of	 self-	
pollination	and	can	 result	 in	 increased	number	of	 seeds	per	pod	
in	both	conventional	and	hybrid	cultivars	 (Garratt,	Coston,	et	al.,	
2014;	 Hudewenz	 et	al.,	 2013;	 Jauker	 &	 Wolters,	 2008;	 Jauker	
et	al.,	2012;	Pierre	et	al.,	2010;	Williams,	Martin,	&	White,	1987).	
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insects	 including	bees	and	hoverflies	 is	enough	 to	 increase	seed	
set	from	15	to	more	than	20	seeds	per	pod,	and	greater	numbers	
of	visits	 increase	 seed	 set	 further	 (Garratt,	Coston,	et	al.,	2014).	
Increases	above	15	seeds	per	pod	in	particular	elicit	a	strong	pos-
itive	 yield	 response	 (Figure	3).	 The	benefits	 of	 insect	 pollination	
to	B. napus	 yield	 is	demonstrated	by	studies	which	have	supple-
mented	 insect	visitation	 through	 the	use	of	managed	pollinators	
(Manning	&	Wallis,	2005;	Sabbahi	et	al.,	2005).
Although	 there	 are	benefits	of	 insect	pollination	 to	 seed	 set	 in	








































et	al.,	 2014).	 This	 study	 shows	 that	 farmers	 should	 try	 to	 ensure	







ment	measures	 to	 support	 insect	pollinators	may	be	 cost-	effective	
if	 benefits	 of	 other	 ecosystem	 services	 are	 considered	 (Morandin,	
Long,	&	Kremen,	 2016;	 Ramsden,	Menéndez,	 Leather,	 &	Wäckers,	




Crop	growth	 is	moderated	 to	compensate	 for	 limited	 resources	 in	
order	 to	achieve	maximum	reproductive	output,	 and	 in	 turn	yield.	
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